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The signiﬁcance of gas compressibility factor in petroleum engineering encourages the researchers
to employ the most accurate and precise methods for estimation of this factor. Commonly,
empirical correlations due to their simplicity have been referred more than other approaches for
prediction of Z-factor. There is no clear and reliable report to address an appropriate combination of
correlation and mixing rule for each type of gas. In the present study, combination of several
empirical correlations and mixing rules is examined and a decision tree is constructed to suggest
best combination for each gas system. For this reason, 2329 experimental data were used for
analysis. According to the results, LelandeMueller mixing rule/Sanjari and Lay correlation is the
best combination for sour and natural gas. Also, Van NesseAbbot mixing rule/HalleYarborough
correlation, StewarteBurkhardteVoo mixing rule/Heidarian correlation and SattereCampbell
mixing rule/Papay correlation are the most appropriate combination for gas condensate, binary and
ternary mixtures respectively.
For binary mixtures, a robust and novel empirical correlation was developed based on Kay
mixing rule to estimate Z-factor. The results employed how good the new correlation is in agree-
ment with the experimental data with signiﬁcant R-squared 0.9843.
Copyright © 2016, Southwest Petroleum University. Production and hosting by Elsevier B.V. on
behalf of KeAi Communications Co., Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Obtaining thermo-physical properties of oil and gas reser-
voirs is crucial for engineering purposes. The signiﬁcance of this
issue becomes more apparent considering the role of these
properties in determination of reservoir hydrocarbon pore vol-
ume, gas solubility and other reservoir chief features.
Compressibility factor (Z-factor) is an important one property for: þ98 7733441495.
troleum University.
ier on behalf of KeAi
niversity. Production and host
creativecommons.org/licenses/bcompressible ﬂuids, as many thermo-physical properties like
heat capacity, enthalpy, entropy and gas formation volume factor
are functions of Z-factor. Also, its application in practical pur-
poses such as gas transmission systems, hydrate formation and
diffusivity equation of gas reservoir is well documented [1e3].
Thus, accurate prediction of Z-factor is an important step in
engineering applications.
Different ways of obtaining Z-factor include PVT laboratory
measurement, empirical correlations and equations of state
(EOS) [4]. Also, considering costly PVT experiments and
complicated procedure of EOS persuade the researchers to apply
empirical correlations as an estimator. Several researchers
attempted to develop empirical correlations. For example, Beggs
and Brill developed their correlation based on Standing and Katz
chart [5], but it is not applicable for reduced temperature less
than 0.92 [5,6]. The proposed correlations conventionally
developed as function of reduced pressure and temperature.ing by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an open
y-nc-nd/4.0/).
Fig. 1. Calculation ﬂowchart.
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DranchukeAbu-Kassem correlation [7], which tacitly is a func-
tion of reduced pressure and temperature. Also, many correla-
tions are functions of pseudo pressure and temperature, e.g. such
as HalleYarborough [8] and Heidarian et al. correlation, which
was developed based on 1220 experimental data [9]. However,
the declared limitation in using pseudo pressure and tempera-
ture may cause some difﬁculties [9]. In addition, some correla-
tions are developed based on other famous equations such as
Virial EOS, e.g. Sanjari and Lay [10]. Similar to Heidarian et al.
correlation, Sanjari and Lay correlation also has some limitations
in range of application. Traditional empirical correlations are
generally developed using classical regression method. For
instance, Shell Oil Company and Papay correlations were devel-
oped based on regression and ﬁtting method [1,11]. Beside
mentioned correlations, there are some which were developed
using smart techniques such as Aziz and Rayes [12,13]. The
general form of these correlations is more complicated than old
generation correlations.
Also, for obtaining reduced pressure and temperature of gas
mixtures, several mixing rules have been proposed on date. The
simplest mixing rule was proposed by Kay [14]. Sutton intro-
duced a mixing rule for gas reservoirs containing plus fraction
heavy end (C7þ) [15]. This mixing rule was proposed by applying
Standing and Katz chart [15]. On the other hand, there are some
complicated mixing rules such as that of LelandeMueller [14],
which is a function of reservoir composition, temperature and
pressure. Typically, traditional mixing rules are functions of
reduced pressure and temperature. Similar to other types of
empirical correlations, the empirical mixing rules have been
commonly developed by regression and ﬁtting the experimentalimplemented data. Other traditional mixing rules applied in the
current paper are Joffe method [16], PrausnitseGunn [17],
StewarteBukhardteVoo [14], SattereCampbell [14], Van
NesseAbbot [18], TejaeThurnerePasumarti [19] and Red-
licheKwongeAbbott [1]. All mentioned correlations are implicit
functions of pseudo critical pressure and temperature.
Details of these mixing rules are given in Appendix A. Also,
details of empirical correlations used in this work can be found in
Mohamadi-Baghmolaei et al. [20].
In this study, different combinations of empirical correlations
andmixing rules are tested to determine the best couple for each
category of gas mixture. To do this, Kay Rule, Joffe, Praus-
nitseGunn (PG), LelandeMueller (LM), StewarteBukhardteVoo
(SBV), SattereCampbell (SC), Van NesseAbbot (VNA), Tejae-
ThurnerePasumarti (TTP), RedlicheKwongeAbbott (RKA) mix-
ing rules are employed, in combinationwith the nine mentioned
empirical correlations including Dranchuk and Abu-Kassem (DA)
[7], HalleYarborough (HY) [8], Heidarian et al. (HD) [9], Sanjari
and Lay (SL) [10], Shell Oil Company (SOC) [1], Beggs and Brill
(BB) [5], Azizi (AZ) [12], Papay (PP) [11] and Rayes at el. (RY) [13].
A data base comprising 2329 experimental data sets of different
types of gases is used for this study. Next, a novel robust
empirical correlation is introduced for binary mixtures using
1742 experimental data. The new correlation is able to cover vast
ranges of input pressure and temperature with high accuracy.
2. Methodology
Several researchers developed empirical correlations which
were explicit in reduced pressure and temperature of gas
mixture. Generally, theses correlations require pseudo critical
M. Mohamadi-Baghmolaei et al. / Petroleum 2 (2016) 289e295 291pressure and pseudo critical temperature of gas mixtures. These
two major parameters are often calculated using Kay rule, the
simplest andmore commonmixing rule. However, inmany cases
Kay rule is not able to predict the exact characteristic of mixtures,
and it is reasonable to check capability of other mixing rules. The
performed procedure of this study is shown in Fig. 1 where the
combinations of different mixing rules and empirical correla-
tions are compared with experimental data. The input parame-
ters for calculating Z-factor are temperature, pressure, critical
pressure and temperature, number of components and their
molecular weights.
The statistical errors employed in this study are RMSE, MSE
and R2, as presented in Eqs. (1) and (2).
RMSE ¼
0
BBB@
PN
i¼1

ZPredi  Z
exp
i
2
N
1
CCCA
1
2
(1)
MSE ¼
XN
i¼1
ðZiexp  Ziexp expÞ2=N (2)
R2 ¼ 1
PN
i¼1

ZPredi  Z
exp
i
2
PN
i¼1

ZPredi  average

Zexpi
2 (3)3. Results and discussion
Nine mixing rules and nine empirical correlations described
in previous sections were combined to make up 81 possible
scenarios for different types of gases. The best combination of
mixing rules and correlations were selected by comparing pre-
diction results with experimental data. To do this, 296 data sets
of natural gas, 105 for sour gas, 125 for gas condensate, 1742
related to binary mixtures along with 61 experimental data of
ternary mixtures were employed. The physical properties of
experimental data including temperature, pressure, molecular
weight and gas compressibility factor are reported in Table 1.
The interpretation of conducted results for different types of
gases is discussed in detail in this section. The magniﬁcent data
base belonging to ﬁve category of gas including natural gas, sour
gas, gas condensate, ternary and binary mixtures was gathered.
All 81 possible combinations of Z-factor empirical correlationsTable 1
Physical properties of data.
Gas type Data point No. gas mixture Pressure (MPa)
Natural gas 24 1 34.5e3.45
Natural gas 40 1 14.04e0.242
Natural gas 165 5 48.44e7.04
Natural gas 67 3 15.023e2.3
Sour gas 105 5 48.44e7.07
Gas condensate 125 125 35.26e2.84
Ternary 61 6 8.6e0.774
Binary 576 576 99.9e9.94
Binary 138 138 99.93e19.93
Binary 237 2 20.07e0.9
Binary 83 8 122.34e0.6
Binary 95 9 99.93e9.93
Binary 380 24 9.26e0.25
Binary 87 9 30.38e7.49
Binary 146 4 50.60e40.45and mixing rules were tested by implementing corresponding
data.
According to the results, the combination of LM mixing rule
and SL correlation shows the best ﬁts for natural gas, with LM
mixing rule and HD correlation as the second best combination
for this category. The reported MSE for these two combinations
are 0.0282 and 0.0446 respectively.
Presence of hydrogen sulﬁde in natural gas is the reason for
observed deviation in behavior of natural gas. Analysis of 105
data sets related to sour gas showed that the LM mixing rule
combined with the SL correlation and the combination of SC
mixing rule with SL correlation are the best. The values of cor-
responding MSE error are 0.0239 and 0.0302 respectively. As
mentioned, the LM mixing rule provided the best estimations of
pseudo critical pressures and pseudo critical temperatures for
sour and natural gas. The LM computation process is different
from other mixing rules. In contrast with mixing rules that are
only function of reservoir composition, the LM mixing rule re-
quires extra input data, i.e. reservoir pressure and temperature.
This causes tedious computations especially for large data banks
of numerous samples with different composition, temperatures
and pressures. Beside the prolonged process, this method pro-
vides an appropriate estimation, speciﬁcally for sour and natural
gas.
The same scenario was performed for gas condensate sys-
tems, where composition of heavy end (C7þ) should be included
in calculations. Analysis of 125 data sets from a supergiant gas
condensate reservoir showed that VNA mixing rule combined
with HY correlation with 0.0739 MSE and PG mixing rule com-
bined with BB correlation with 0.0740 MSE have the closest re-
sults to the experimental data.
The ternary and binary mixtures are expected to have
different appropriate combinations in compare with other types
of gases, particularly for mixtures which contain CO2. By
comparing results of all possible combinations for 61 ternary
data related to CH4eC2H6eCO2 and analysis of the statistical er-
rors, it was found that SC mixing rule combined with PP corre-
lation is the best combination, with the Kay/PP combination in
the second place. The reported errors for these combinations are
0.0641 and 0.0648 respectively.
The best mixing rules and empirical correlations for gas
condensate, natural gas, sour gas and ternary mixtures are
depicted in Fig. 2 marked with R-squared.
The Results of the top combinations for each type of gas are
reported in Table 2.
For binary mixtures including CH4eN2, CO2eH2O, CH4eH2,
C2H6eH2, C3H6eH2, CO2eH2, CO2eCH4, CO2eN2 and H2OeCH4,
1742 data sets were employed. It is important to note that theTemperature K Z-factor MW Ref.
340.02e269.95 0.97e0.54 22.66 [21]
454.96e241.08 1.09e0.71 18.21 [22]
344.26e310.92 1.14e0.67 23.67e18.17 [23]
323.15e253.15 0.94e0.59 18.85e16.31 [24]
344.87e311.53 1.14e0.71 20.85e18.11 [14]
378.31e359.85 1.01e0.80 44.04e19.72 Field data
333.16e283.13 0.99e0.66 30.74e29.92 [25]
573.15e323.15 1.90e0.52 42.41e24.71 [26]
673.15 1.50e1.01 42.41e24.71 [27]
400.07e240 0.99e0.64 17.09e16.35 [28]
333.15e308.15 0.99e0.91 21.94e65.18 [29]
673.15 1.29e0.40 41.41e20.61 [30]
348.15e298.15 1.03e0.75 23.87e6.50 [31]
698.75e429.9 1.04e0.82 17.37e16.19 [32]
273.15e173.15 1.43e0.36 13.31e5.00 [33]
Fig. 2. The combinations of a) SBV/HY for gas condensate b) LM/SL for natural gas c) LM/SL for sour gas d) SC/PP for ternary mixtures.
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prediction of Z-factor in binary mixtures, as the pseudo
reduced pressures and/or pseudo reduced temperatures of bi-
nary mixtures fall out of application ranges shown in Table 3.
This is mainly due to presence of volatile components like CH4,
N2, and H2. In this table the percentage of omitted data is re-
ported based on Kay mixing rule. These percentages vary by
altering applied mixing rule. However, due to origin of corre-
lations, it is inevitable to lose portion of data. Thus, it is highly
signiﬁcant to develop a correlation which is able to cover vast
amount of data. In this study, the best combinations for binary
mixtures were SBV/HY and SBV/HD with MSE equal to 0.0908
and 0.0914. However, the ﬁrst best combination is obtained
using SBV mixing rule which causes complexity in comparison
to the others. Moreover, the reported error for the second best
combination is obtained by elimination of more than 28.62% of
input data. These weaknesses are more dominant when cor-
relations such as BB, SOC, HD and SL are applied. According to
performed analyses, most of omitted data belong to CH4eN2
and CO2eN2 systems. The mentioned correlations are not able
to cover all data especially those with high pressures andTable 2
The results of mixing rule/empirical correlations combinations.
Type of gas Ranking Empirical
correlation
Mixing
rule
RMSE MSE
Natural gas 1 SL LM 1.41E-04 0.0282
2 HD LM 2.23E-04 0.0446
Sour gas 1 SL LM 1.20E-04 0.0239
2 SL SC 1.51E-04 0.0302
Gas condensate 1 HY VA 3.70E-04 0.0739
2 BB PG 3.60E-04 0.0740
Ternary 1 PP SC 3.20E-04 0.0641
2 PP Kay Rule 3.24E-04 0.0648temperatures. It is worth mentioning that, although there are
no reported limitations for BB and SOS correlations in litera-
ture, they may predict some irrational and negative results for
high pressures and temperatures. The approximated logical
criteria of input limitations for BB and SOC are reported in
Table 3.
An illustration of two possible combinations of binary mix-
tures is brought in Table 4. In this table two ranges of input data
were employed, those which are in agreement with rational
input limitation reported bymain references and whole data sets
without any elimination. As seen, in Table 4 for combinations of
SBV/HD and VNA/SL 28.62 and 35.34% of data are ignored
respectively. The huge amount of omitted data conﬁrms the least
ﬂexibility of aforementioned correlations and the necessity for
developing more ﬂexible correlation.
A new mathematical correlation is developed based on 1742
experimental data of binary mixtures. The pressure and tem-
perature ranges are 311.67e1257.75R and 36.31e14,493.65 psia.
The Kay mixing rule was employed to simplify the calculation
procedure. For developing new correlation, the multiple rational
regression is utilized to connect the independent variables
(reduced pressure and temperature) to the dependent variableTable 3
The reported limitations of input data and percentage of omitted data using Kay
mixing rule.
Correlation Input limitations The percentage
omitted data
Sanjari and Lay 1.01  Tpr  3 and 0.01  Ppr  15 27%
Heidaryan et al. 1.2  Tpr  3 and 0.2  Ppr  15 27%
Azizi et al. 1.1  Tpr  2 and 0.2  Ppr  11 31%
Beggs and Brill 1.08  Tpr  4.09 and 0.07  Ppr  26.64 19%
Shell Oil
Company
1.08  Tpr  4.32 and 0.07  Ppr  28.47 7%
Fig. 3. The combinations of a) SBV/HY b) SBV/HD.
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based on calculation of RMSE for predicted Z-factor and experi-
mental data. The optimization procedure is performed based on
RMSE error.
objective function ¼
0
BBB@
PN
i¼1

ZPredi  Z
exp
i
2
N
1
CCCA
1
2
(4)
For developing the new mathematical based correlation,
70% of experimental data are considered for training purpose
and the rest (30%) are administered for testing purposes. The
new developed correlation for predicting Z-factor is presented
by Eq. (5):
Z ¼ a
b
þ 0:9145 (5)
a and b are deﬁned by Eqs. (6) and (7):
a ¼ ðcþ dþ eÞ  0:02626 (6)
b ¼ ln
 
ln
 
6:214
p4pr
þ 4:062
!
þ lnTpr
!
(7)
c, d and e are functions of reduced temperature and pressure, as
deﬁned in Eqs. (8)e(10):
c ¼
ln

exp

ppr

þ

6:96
ppr
3 þ T9pr
Tr
(8)
d ¼ 2 ln
 
ln

Tpr

ppr
!
þ 2 lnlnTprþ ppr (9)Table 4
The results of binary mixtures for whole data sets.
Empirical
correlation
Mixing rule Whole data sets
RMSE MSE
HD S.B.V 0.0131 2.6227
S.L V.A 3.8857 777.1354
AZ SBV 0.0143 2.8599
SOC PG 1.2585Eþ022 2.5170Eþ024
New correlation Kay Rule 3.6688E-04 0.0734e ¼ lnlnTprþ lnTprþ exp T3:186Tprpr  lnTpr þ ppr
þ 0:6414

(10)
Two major advantages of the new correlation are its appli-
cability for vast range of pressures and temperatures
(311.67e1257.75 R and 36.31e14,493.65 psia) and application of
the simplest mixing rule, i.e. Kay's rule. As is observed in Fig. 3,
the top two combinations of binary mixtures are shown by
scattered diagrams. Also, the obtained results from new corre-
lation is reported in Table 4 and depicted in Fig. 4. According to
Table 4, the new correlation predicts Z-factor of binary systems
better than any existing correlation combined with any mixing
rule.
The best combinations of correlations and mixing rules for
each types of gas are summarized as a decision tree in Fig. 5. It
should be mentioned that the new correlation along with Kay
rule accompany the combination of SBV/SL as the best combi-
nation for binary mixtures.4. Conclusions
In the present study, best combinations of empirical corre-
lations and mixing rules were obtained to predict the Z-factor of
different types of gas systems using 2329 experimental data. A
new correlation was developed to predict the Z-factor of binary
systems. The proposed correlation requires Kay's mixing rule to
determine the binary properties, yet gives the highest accuracy
among existing correlations.Fig. 4. Combination of new correlation with Kay rule.
” and “**” denote empirical correlation and mixing rule.
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Pc critical pressure
Tc critical temperature
Tpr reduced temperature
Z gas compressibility
MSE mean square error
Vc critical volume
Zc critical gas compressibility
Ppr reduced pressure
RMSE root mean square
R2 coefﬁcient of determination
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